Gauge/gravity duals with flavour such as D7 probe branes added to deformed AdS 5 × S 5 backgrounds provide dual descriptions of spontaneous chiral symmetry breaking and light mesons, as well as of a first order phase transition for the fundamental degrees of freedom at finite temperature in the deconfined phase. The quasiparticle degrees of freedom are studied using the appropriate spectral function at both finite temperature and density.
§1. Introduction
It was suggested very shortly after Maldacena's original paper on AdS/CFT 1) to find gravity duals of less symmetric large N gauge theories, in particular of confining theories. A number of examples of gravity duals of quantum field theories with less supersymmetry and running couplings have been found. Examples include renormalization group flows obtained by adding relevant operators, for instance mass terms for the adjoint fermions and scalars present in N = 4 theory. These perturbations can be chosen to maintain some or none of the supersymmetries of the original model. The common feature is that a strongly coupled gauge theory is mapped to a weakly coupled -i.e. solvable -classical gravity theory. It should be kept in mind though that the field theory remains strongly coupled at all scales, and the far ultraviolet region of these theories generically displays a large degree of supersymmetry. Still, at low energies the deformed scenarios display features which are substantially different from those of conformal field theory, such as confinement.
Further progress has been made by adding flavour degrees of freedom in the fundamental representation of the gauge group to the gravity dual description. The original Maldacena set-up contains N 3 + 1-dimensional D3 branes, on which open strings, which have charged endpoints, may end. This corresponds to N = 4 SU (N ) gauge theory which has only adjoint degrees of freedom. The addition of different types of branes into the set up introduces strings stretched between the new brane and the D3 branes -these strings have only one charge under the SU (N ) group on the D3 branes and are therefore quark fields. The best understood example consists of a small number, N f , of 7 + 1-dimensional D7 branes. 2) The next step towards QCD is to combine supersymmetry breaking deformations of the original AdS 5 × S 5 background and the adding of D7 brane probes to include quarks. In the UV, the field theory returns to the four-dimensional N = 2 theory of 2), but the IR is QCD-like with a running gauge coupling. This combination has been used to obtain a gravity dual description of dynamical chiral symmetry breaking by a quark condensate. 3) Moreover the associated Goldstone boson has been identified: It is obtained from the fluctuations of the probe D7 brane around its minimum energy configuration. Since in this set-up the spontaneously broken symmetry is U (1) A , which is non-anomalous in the limit N → ∞, the Goldstone boson corresponds to the η . The ρ mass, as well as interaction terms involving both the Goldstone field and the ρ can also be computed. Comparison with recent lattice results 4), 5) for m ρ and m π at large N is possible and shows good agreement, at least for small quark mass.
More recently a string theory model of D4, D8 and D8 branes has been constructed in 6) and 7) which realizes the larger non-abelian SU (N f ) × SU (N f ) chiral symmetry of QCD and its spontaneous breaking to SU (N f ). The symmetry is broken when the D8 and D8 brane probes join to form a continuous object. In this approach, meson masses such as for instance of the ρ and a 1 have been calculated, with results surprisingly close to experimental measurements. However, in the far UV the corresponding gauge theory runs to a five-dimensional non-renormalizable theory.
A review on mesons in gauge/gravity duals may be found in Ref. 8). §2.
Adding flavour
The simplest way to obtain quark bilinear operators within gauge/gravity duality is to add a D7 brane probe.
2) The D7 brane probe extends in space-time as given in Table I , where 0 is the time direction.
The term 'brane probe' refers to the fact that only a very small number N f of D7 branes is added, while the number of D3 branes, N , which also determines the rank of the gauge group U (N ), goes to infinity. In this limit we neglect the backreaction of the D7 branes on the geometry.
The field theory corresponding to this brane set-up is a N = 2 supersymmetric U (N ) gauge theory, which in addition to the degrees of freedom of N = 4 Super Table I . Embedding of the D7 brane probe into 9+1 dimensional space relatively to the D3 branes. Yang-Mills contains N f hypermultiplets in the fundamental representation of the gauge group, with N f the number of D7 branes.
On the supergravity side of the duality, the N = 4 degrees of freedom are described by supergravity on AdS 5 ×S 5 as before. However in addition, there are new degrees of freedom corresponding to the D7 brane probe within the ten-dimensional curved space. The low-energy degrees of freedom of this brane are described by the Dirac-Born-Infeld action. These correspond to open string fluctuations on the D7 probe. It turns out that the minimum action configuration for the D7 brane probe corresponds to the probe wrapping an AdS 5 × S 3 subspace of AdS 5 × S 5 .
The new duality conjectured in 2) is an open-open string duality, as opposed to the original AdS/CFT correspondence which is an open-closed string duality. The duality states that in addition to the original AdS/CFT duality, gauge invariant field theory operators involving fundamental fields are mapped to fluctuations of the D7 brane probe on AdS 5 × S 3 within AdS 5 × S 5 . This is shown in Fig. 1 .
A particularly interesting feature arises if the D7 brane probe is separated from the stack of D3 branes in either the x 8 or x 9 directions, where the indices refer to the coordinates given in Table I . This corresponds to giving a mass to the fundamental hypermultiplet. In this case the radius of the S 3 becomes a function of the radial coordinate r in AdS 5 . At a radial distance from the deep interior of the AdS space given by the hypermultiplet mass, the radius of the S 3 shrinks to zero. From a five-dimensional AdS point of view, the D7 brane probe seems to 'end' at this value of the AdS radial coordinate. The scalar mode of the D7 brane probe embedding with dimension Δ = 3 (i.e. supergravity mass m 2 sugra = −3) maps to the fermion bilinear ψψ in the dual field theory. This mode corresponds to a imaginary AdS mass.
However this mass is above the Breitenlohner-Freedman bound for AdS 5 (m 2 BF = −4) and thus guarantees stability. For this it is important that the D7 branes do not carry any net charge from the five-dimensional point of view, since they wrap a topologically trivial cycle with zero flux.
Fluctuations of the D7 brane give rise to meson masses. 9) This is similar to previously studied supergravity fluctuations which give rise to glueball masses. 10) For this, fluctuations of the D7 brane probe of the form δw(ρ, x) = f (ρ)sin(k · x) are considered. Here ρ is the radial direction in the four-dimensional space spanned by the cartesian 4, 5, 6, 7 directions (see Table I ), and x denote the coordinates on 3 + 1-dimensional Minkowski space at the boundary of the five-dimensional Anti-de Sitter space. The meson masses are defined by M 2 = −k 2 for the wavevector k. §3. Spontaneous chiral symmetry breaking
To obtain a gravity dual of spontaneous chiral symmetry breaking by a quark condensate, 3) the addition of a D7 brane probe is combined with an appropriate deformation of the AdS 5 × S 5 space. A suitable background is the one introduced by Constable-Myers. 11) This background has a single deformation parameter b, which may be related to Λ QCD on the field theory side, and a singularity at r = b. On the field theory side, the N = 4 Super-Yang-Mills theory is deformed to a nonsupersymmetric, confining field theory, as can be seen by a Wilson loop analysis.
By adding a D7 brane probe to this background, we obtain a gravity dual of a confining U (N ) gauge theory with one flavor. 3) This theory has an U (1) A axial symmetry. In the N → ∞ limit, this symmetry is non-anomalous. It can thus be spontaneously broken by the quark condensate ψ ψ .
The U (1) rotational invariance in the two space directions perpendicular to the D7 brane (see Table I b ∼ Λ QCD ). w 6 denotes one of the coordinates perpendicular to the D7 probe, ρ given by r 2 = ρ 2 + w 6 2 is related to the radial coordinate r which corresponds to an energy scale: In the IR r is small and in the UV r is large. The fact that the D7 branes bend corresponds to a geometric realization of spontaneous U (1) symmetry breaking. From 3). Moreover we see a geometrical realization of the U (1) A spontaneous breaking, since for m → 0 we still have c = 0. Finally, at large m we have c ∼ 1/m, as expected from field theory.
Since there is spontaneous symmetry breaking for m → 0, we expect a Goldstone boson in the meson spectrum. Solving the supergravity equation of motion for D7 probe brane fluctuations in the two directions transverse to probe, (δw 5 = f (r) sin(k· x) , δw 6 = h(r) sin(k · x)) around the D7 brane probe embedding shown in Fig. 3 , the meson masses are given by M 2 = −k 2 . There are indeed two distinct mesons (see Fig. 4 ): One is massive for every m, and corresponds to fluctuations in the radial transverse direction, the other, corresponding to the U (1) symmetric fluctuation, is massless for m = 0 and is thus a Goldstone boson. It may be identified with the η , which becomes a U (1) A Goldstone boson for N → ∞. At finite N , pure stringy corrections will give the η a non-zero mass in the gravity picture, similarly to instantons in the field theory dual. 12) Another important property of the model of 3) is the small quark mass behaviour of the meson mass, proportional to the square root of m, thus satisfying the GellMann-Oakes-Renner relation 13) of chiral QCD. Also the linear asymptotics for large m correctly reproduce the field theory results. In 14) the R-scaling of the Goldstone's mass for small quark mass was determined as
The vector mesons in the model are, as in the basic D7 brane embeddings, described by the gauge fields in the DBI action describing the D7 branes. Again solutions of the form A μ = g(ρ) sin(k · x) μ provide the masses of the ρ and its radially excited states. 14) The n = 0, unexcited, state has mass
In Fig. 5 we plot the dependence of the rho meson mass on the pion mass squared in this model, in dimensionless units fixed by the choice of the supergravity scale b. The rho mass as function of the pion mass squared has recently also been computed for large N within lattice gauge theory, 4), 5) and a direct comparison of gauge/gravity and lattice results is possible. In the lattice computations, the scale is set by the lattice spacing a. We choose our units such as to be able to compare directly with the lattice results of 5), which are shown on the right-hand side of Fig. 5 . In units such that the offset at m π = 0 coincides with 5), we find a linear dependence of the rho mass on the pion mass squared, with slope 0.57. For the lattice results of 5), the simulations are performed in the quenched approximation. This is appropriate for the large N limit, if not for smaller N . The lattice data of 5) is preliminary and at a fixed, finite lattice spacing. Nevertheless it is striking that not only does the lattice data display the same linearity as the gauge/gravity model, but also the slope in the large N limit is 0.52 and therefore is very close to the gauge/gravity dual result. The fact that the numbers agree at the level of the first digit is surprising. We will see in the sections that follow that generically AdS-meson predictions match QCD data better than one would naively expect. -For large values of the quark mass, we expect m ρ ∝ m π due to the onset of supersymmetry. §4. Finite temperature and density
The description of finite temperature field theories using gauge/gravity duality may be combined with the addition of flavor via brane probes. The embedding of a D7 brane probe into the AdS Schwarzschild black hole background gives rise to an interesting first order phase transition of geometrical nature, where the two phases are distinguished by whether or not the D7 brane probe reaches the black hole horizon. In 18), spectral functions at finite temperature and quark chemical potential have been computed. The relevant phase diagram was found in 19) and 20) and is displayed in Fig. 7 . Lines of constant baryon density are displayed in colour (see online). For small non-zero values of the baryon density, a first-order transition between two black hole embeddings occurs, which disappears above a critical value for the quark density given byd * ≡ 2 5/2 n B /(N f √ λT 3 ) = 0.00315, with n B the baryon density. According to the phase diagram, within the black hole phase (i.e. in the white region) for fixed quark mass, there is a temperature-dominated region for large temperatures to the far right, and a potential-dominated region for small temperatures to the left. In the two regions, the spectral functions show a qualitatively different behaviour. We consider the spectral functions for the current-current correlator coupling to the gauge field on the D7 brane. The result is displayed in Fig. 8 . In the temperature-dominated region, the spectral function, i.e. the imaginary part of the retarded Green function, displays very broad peaks corresponding to unstable vector mesons. This is shown on the left hand side of the figure. In the potential-dominated region however, the peaks become very narrow and their location coincides exactly with the supersymmetric meson spectrum found in 9) (by supersymmetry, the scalar and vector spectra coincide).
A further interesting point is that the location of the peaks first moves to lower frequencies when the temperature is decreased until they reach a minimum. When decreasing the temperature further, the peaks move the larger frequencies again, while becoming narrower.
